We have used primary cultures of swine granulosa cells to investigate the regulatory role of the protein kinase C pathway in the ovary. In this system, we observed the following. (1) (5) In the presence ofmaximally effective concentrations of 25-hydroxy-, 20a-hydroxy-or 22R-hydroxy-cholesterol as exogenous sterol substrates for cholesterol side-chain cleavage, treatment with TPA suppressed pregnenolone, progesterone and 20a-hydroxypregn-4-en-3-one biosynthesis by more than 80% . (6) The inhibitory effects of phorbol esters were not attributable to non-specific cytotoxicity, since prostaglandin F2, production increased in the same cultures and aromatization of exogenously supplied testosterone to oestradiol was not suppressed. (7) In intact granulosa cells, the effects of phorbol esters were mimicked by a synthetic non-diterpene diacylglycerol, l-octanoyl-2-acetylglycerol, and the tumour promoter, mezerein, which specifically activates protein kinase C. We conclude that swine granulosa cells contain specific high-affinity receptors for phorbol esters that are functionally coupled to protein phosphorylation. Moreover, treatment with phorbol esters or non-phorbol activators of protein kinase C results in selective inhibition of cholesterol side-chain cleavage activity without impairing cyclic AMP generation or oestrogen biosynthesis.
INTRODUCTION
A Ca2+-sensitive, lipid-activated, protein kinase (protein kinase C) modulates the expression of differentiated function in a variety of neoplastic and non-neoplastic cells (Takai et al., 1979; Kuo et al., 1980) . This enzyme is stimulated by endogenous diacylglycerols or exogenous diterpene compounds such as phorbol esters (Takai et al., 1979; Kuo et al., 1980) . Recent studies suggest that protein kinase C is present in gonadal tissue and may play a role in modulating Leydig-cell or granulosa-cell function (Kimura et al., 1984; Mukhopadhyay et al., 1984; Welsh et al., 1984) . Although work to date has suggested one or more important roles for protein kinase C in modulating the steroidogenic activity of gonadal cells, available data differ regarding the exact nature of the actions of protein kinase C on the steroidogenic pathway. For example, in Leydig cells, phorbol esters inhibited gonadotropin-stimulated steroidogenesis, apparently by antagonizing cyclic AMP generation rather than by inhibiting the actions of available cyclic AMP (Mukhopadhyay & Schumacher, 1985) . In contrast, in rat granulosa cells, the phorbol ester 12-0-tetradecanoylphorbol 13-acetate (TPA) stimulated basal progesterone accumulation but inhibited FSH-and cyclic AMPstimulated steroidogenesis (Welsh et al., 1984; Kawai & Clark, 1985) .
In the present studies we have examined the mechanism(s) of phorbol action in vitro by using swine granulosa cells, whose steroidogenic pathway is highly responsive to perturbations in calcium concentrations (Veldhuis & Hammond, 1981; Veldhuis & Klase, 1982) . We have employed this system to: (1) evaluate the properties of high-affinity specific phorbol-ester binding to granulosa cells; (2) examine the ability of phorbol esters to stimulate the phosphorylation of distinct proteins in these cells; (3) test the site(s) of action of phorbol esters on the steroidogenic pathway; and (4) assess the specificity of these effects in relation to progesterone biosynthesis.
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Abbreviations used: TPA, 12-0-tetradecanoylphorbol 13-acetate; PDB, phorbol 12,13-dibutyrate; PDA, phorbol 12,13-diacetate; PM, phorbol 13-monoacetate; 4a-PDD, 4a-phorbol 12,13-didecanoate; FSH, follicle-stimulating hormone (follitropin).
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MATERIALS AND METHODS Methods
Swine granulosa cells were harvested from 1-5 mm follicles by fine-needle aspiration as described previously (Veldhuis & Hammond, 1981) . Cells were cultured in 1% (v/v) fetal-bovine serum (Gibco) with indicated concentrations of effector substances. Unless designated otherwise, cultures were harvested at 48 h for the measurement of total progesterone content in cells combined with medium. FSH was dissolved in saline, and phorbol compounds were dissolved in ethanol, before addition to culture medium (final ethanol concentration < 0.1 %). Control cultures received an equivalent volume of diluent.
Cellular binding of [3H]phorbol 12,13-dibutyrate (PDB) was examined in granulosa-cell cultures that had been established in 1 % bovine-fetal serum for 3 days and then washed three times in serum-free medium. After preliminary time-course experiments which demonstrated that binding reached equilibrium after 3-4 h at 4°C, further experiments were conducted at 4°C for 4 h with indicated concentrations of [3H]PDB and competitors. The subsequent equilibrium competition curves were analysed by non-linear least-squares curve-fitting. The precision of each fitted parameter was determined from observed experimental variance, so that results were expressed as mean estimates with corresponding 95%o confidence limits (Johnson, 1983) . The Ki was calculated from the half-maximally effective inhibitory concentration, ID50, and the Kd, using the relationship: Ki = ID50/(1 +L/Kd) where L is the concentration of radioligand.
The ability of phorbol esters to activate protein kinase C in intact granulosa cells was assessed as described for EL4 mouse thymoma cells (Sando & Young, 1983) . Before addition of phorbol ester, granulosa cells were exposed to 100 ,tCi of [32P]orthophosphate/ml for 45 min to label endogenous ATP stores. Cultures of granulosa cells (1.8 x 107/10 cm dish) were then treated with 0.1 or 1.0 1tM-TPA for 30 min, harvested mechanically by scraping into phosphate-buffered saline (0.9%, pH 7.4), centrifuged rapidly, and resuspended in water and NaF (50 mM) to promote rapid cell lysis. A 50 gg portion of cytosol protein was then subjected to SDS/ 10O% -(w/v)-polyacrylamide-gel electrophoresis followed by autoradiography (Veldhuis & Hewlett, 1985) .
Cyclic AMP production was measured by specific radioimmunoassay as described (Veldhuis & Klase, 1982) . Oestradiol was assayed by radioimmunoassay after Celite-column chromatography, and 20a-hydroxypregn-4-en-3-one, progesterone and pregnenolone by radioimmunoassay after extraction with organic solvents, as reported previously (Veldhuis & Klase, 1982 (17.8-45.5 nM) , and an estimated maximal specific binding capacity of 0.68 (0.34-0.99) pmol/ 107 granulosa cells. This binding was specific in that it was not inhibited by less active compounds, namely 4a-phorbol 12,13-didecanoate (4a-PDD) or pure phorbol (unesterified base) (Fig. 1) .
To assess the ability of phorbol esters to promote the phosphorylation of specific ovarian proteins, cell-free cytosol was incubated in the presence of excess EGTA (Ca2+-deprived), the classical ovarian effector agent, cyclic AMP (100 /LM), Ca2+ (free Ca2+ concentration -400 /LM), and the combination of Ca2 , phosphatidylserine (96 ,g/ml), and 1,2-dioleoylglycerol (3.2 ,ug/ml) to activate protein kinase C or TPA (10 or 100 nM). The cytosolic proteins were then subjected to SDS/polyacrylamide-gel electrophoresis and autoradiography (Fig. 2) . Under conditions presumed to activate protein kinase C, incorporation of 32P was observed in multiple bands of estimated molecular mass 18, 36, 47, granulosa-cell function, cultures were treated with TPA or control solvent in the presence or absence of a maximally effective dose of FSH (200 ng/ml). The time course of the inhibitory effect of TPA (3 ng/ml) is given in Table 1 . Thus, in the remaining experiments, a 48 h incubation was used. As shown in Fig. 3 , in the absence of FSH, TPA effectively inhibited basal progesterone production in a dose-dependent fashion with an ID50 of 0.048 ng/ml (95% confidence limits 0.025-0.11 ng/ml).
TPA similarly suppressed FSH-stimulated progesterone production with an ID50 of 0.064 ng/ml (0.042-0.13 ng/ml). Under these conditions, the less active Vol. 239 Table 2 . Influence of the phorbol ester TPA (10 ng/ml) on effector-and hormonally-stimulated progesterone production by cultured swine granulosa cells phorbol compound (PDB) exhibited an ID50 of 0.49 ng/ ml (0.29-1.0 ng/ml) in inhibiting FSH-stimulated progesterone production, and an ID50 of 0.38 ng/ml (0.21-0.75 ng/ml) for basal progesterone production; for the plant-derived tumour promoter, mezerein, the ID50 was 0.23 (0.13-0.49) ng/ml basally and 0.25 (0.08-0.96) ng/ml in inhibiting FSH-stimulated progesterone production. The corresponding ID50 values for phorbol 12,13-diacetate (PDA) were 16.7 ng/ml (basal) and 22.1 ng/ml (FSH-treated). For comparison, the respective Ki and Kd estimates for TPA and PDB binding as assessed with [3H]PDB (above) were 1.9 and 12.8 ng/ml. Notably, phorbol esters that do not activate protein kinase C were uniformly ineffective (ID50 > 30 ng/ml) in inhibiting progesterone biosynthesis by swine granulosa cells [n = eight experiments using PM (phorbol 13-monoacetate), pure phorbol base and 4a-phorbol 12,13-didecanoatel. Thus the rank order of efficacy was TPA > PDG> PDA > PM, phorbol base or 4a-PDD.
The mechanisms subserving the inhibitory effect of phorbol esters on basal and FSH-stimulated progesterone production were evaluated further by testing the ability of TPA to inhibit the stimulatory effects of cholera toxin or forskolin (Table 2) . TPA (10 ng/ml) markedly inhibited the stimulatory effects of forskolin and cholera toxin on total progesterone production (P < 0.001). However, TPA did not suppress the ability of FSH, forskolin or cholera toxin to stimulate short-term (48 h) total cyclic AMP accumulation (Table 3) insulin and oestradiol on progesterone biosynthesis (Table 2) . On the basis of the preceding results, we tested the ability of TPA to inhibit progesterone production stimulated by exogenously supplied cyclic AMP or sterol substrate. As shown in Table 4 , TPA (10 ng/ml) significantly inhibited progesterone production in response to stimulation with 8-bromocyclic AMP or exogenous sterol substrate (25-hydroxycholesterol). These inhibitory effects on progesterone accumulation were associated with diminished production of progesterone's reduced metabolite, 20-a-hydroxypregn-4-en-3-one (20a-dihydroprogesterone) as well. The latter observation indicates that TPA does not selectively increase progesterone's catabolism to its 20a-reduced metabolite and thereby indirectly decrease total progesterone accumulation.
When granulosa cells were exposed to maximally effective concentrations of 25-hydroxycholesterol for 4 h in the presence of trilostane (150,UM) to test functional cholesterol side-chain-cleavage activity, prior TPA (10 ng/ml) treatment resulted in significant inhibition of pregnenolone production (Table 4 , P < 0.01 treatment effect). This action was not shared by the less active phorbol derivative, PM (4,-phorbol 13-monoacetate). In addition, treatment with 22R-and 20a-hydroxycholesterol also failed to overcome the inhibitory effect of TPA on progesterone biosynthesis (results not shown; three experiments). In contrast, when granulosa cells were treated with a maximally effective concentration of pregnenolone (25,,ug/ml), the production ofprogesterone was unimpaired in the presence of phorbol esters: control, 97.5 + 5.3 ng of progesterone/48 h, versus TPA (10 ng/ml), 99.0 + 5.7 ng of progesterone/48 h (not significant). These observations suggest that inhibition of progesterone biosynthesis occurs in large part at the level 1986 Table 4 . Inhibitory effects of the phorbol ester TPA (10 ng/ml) on effector-stimulated synthesis of progesterone, 20a-hydroxypregn-4-en-3-one and pregnenolone of cholesterol side-chain cleavage per se (Falke et al., 1975) , with consequent significant suppression of pregnenolone, progesterone and 20a-hydroxypregn-4-en-3-one production.
The ability of phorbol esters to inhibit progestin biosynthesis was not related exclusively to the diterpine structure of the compounds, since the synthetic diacylglycerol 1-oleoyl-2-acetylglycerol also significantly suppressed FSH-stimulated progesterone production within 2 h (Fig. 4) .
The effects of phorbol esters were not attributable to non-specific cytotoxicity for several reasons. First, TPA (30 ng/ml) had no inhibitory effect on the cellular conversion of exogenously supplied testosterone into oestradiol (Fig. 5) . Secondly, TPA (alone and in combination with FSH) significantly stimulated the production of prostaglandin F2a in the same cultures in which progestin synthesis was impeded: namely from a basal rate (pg/48 h per 2 x 106 cells) of 1030+33 (control) to 1750 + 68 (FSH), 3780 + 190 (TPA, and 5100 + 230 (TPA + FSH). (P < 0.01 treatment effects.) Moreover, treatment with phorbol compounds resulted in no change in the cellular content of protein or DNA, in cell number or in cell viability (assessed by the exclusion of Trypan Blue).
DISCUSSION
The present studies using [3H]PDB document highaffinity, specific and saturable binding ofthis radiolabelled phorbol ester to intact granulosa cells. Our results are in accord with observations in non-steroidogenic tissues, where similar Kd estimates for PDB binding have been reported (Horowitz et al., 1981; Ilekis & Beneviste, 1985; Solanki & Slaga, 1981) . Moreover, the rank order of potency of binding for TPA, PDB and the inactive compounds 4a-phorbol-12,13-didecanoate and pure Vol. 239 phorbol, conforms to the rank order of potency of these substances in activating protein kinase C in classical phorbol target tissues (Horowitz et al., 1981; Ilekis & Beneviste, 1985; Solanki & Slaga, 1981) . Thus the present data indicate that ovarian cells contain a distinct phorbol-ester receptor that presumably represents protein kinase C (Horowitz et al., 1981; Ilekis & Beneviste, 1985; Solanki & Slaga, 1981) .
In cell-free incubations, phorbol-ester treatment of ovarian cytosol resulted in increased phosphorylation of distinct proteins assessed by SDS/polyacrylamide-gel electrophoresis. Cytosolic proteins were also phosphorylated when Ca2+, phospholipid and dioleoylglycerol were added directly to cytosol. Although the exact identity of these cytosolic proteins that are phosphorylated in response to TPA or the combination of Ca2+, dioleoylglycerol and phospholipid are not yet known, the present observations indicate that swine ovarian cytosol contains endogenous substrates for protein kinase C.
The functional responses of granulosa cells to treatment with phorbol esters included consistent suppression ofbasal, FSH-, forskolin-and cholera-toxinstimulated progesterone biosynthesis. These inhibitory effects were not a consequence of suppression of basal or effector-stimulated cyclic AMP production, at least over 3-48 h of observation. Rather, phorbol esters inhibited the steroidogenic action of exogenously supplied 8-bromocyclic AMP and the stimulatory effects of insulin and oestradiol, which are believed to activate steroidogenesis without directly altering cyclic AMP production. Such observations suggest that the acute inhibitory action of phorbol esters is expressed distal to, or independently of, cyclic AMP biosynthesis. This inference is in accord with that recently suggested in rat granulosa cells (Shinohara et al., 1985) .
The locus of inhibition of steroidogenesis by phorbol esters appeared to involve predominantly the cholesterol side-chain-cleavage step, since: (1) phorbol compounds inhibited the biosynthesis of all measured progestins; (2) TPA did not impair progesterone production when pregnenolone was supplied exogenously; and, (3) in the presence of exogenous soluble sterol substrates for cholesterol side-chain cleavage, phorbol esters still suppressed pregnenolone biosynthesis. Further studies will be required to ultimately determine the exact constituent(s) of the cholesterol side-chain-cleavage reaction (e.g., cytochrome P-450SCC, adrenodoxin etc.) affected by phorbol esters.
The actions of phorbol esters were not dependent upon the diterpene structure of these compounds, but rather presumably reflected their mimicry of diacylglycerols. Thus, the synthetic diacylglycerol 1 -oleoyl-2-acetylglycerol also significantly suppressed FSH-stimulated progesterone production. This compound is a potent activator of protein kinase C (Kupchan & Baxter, 1974; de Courcelles et al., 1984) . Moreover, inhibition of progestin biosynthesis by phorbol esters was not associated with evidence of cellular toxicity, in that cellular aromatase activity was not decreased, whereas synthesis of prostaglandin F2, was increased.
In summary, we have observed that swine granulosa cells contain specific, high-affinity and saturable phorbolester receptors that are functionally coupled to the phosphorylation of distinct cytosolic proteins. Phorbol esters inhibit progesterone biosynthesis specifically in a dose-and time-dependent fashion, with a rank order of potency that parallels activation of protein C. Phorbol effects are mimicked by synthetic diacylglycerol and the tumour promoter mezerein, and are expressed to a significant degree at the level of cholesterol side-chain cleavage. These results suggest that protein kinase C modulates steroid-hormone biosynthesis in an inhibitory manner in swine granulosa cells. Such an inhibitory pathway contrasts with the stimulatory responses that seem to be subserved by cyclic AMP and Ca2+/calmodulin effectors in the ovary (Veldhuis & Klase, 1982) .
